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Abstract 
The aim of this study was to determine the changes in elasticity and lattice structure in leg bone of rats which were: 1) under 
Hind-Limb Suspension (HLS) by tail for 2 weeks and 2) exposed to a total radiation of 10 Grays in 10 days.  The animals were 
sacrificed at the end of 2 weeks and the leg bones were surgically removed, cleaned and fixed with a buffered solution. The 
mechanical strength of the bone (elastic modulus) was determined from measurement of bending of a bone when under an 
applied force. Two methodologies were used: i) a 3-point bending technique and ii) classical bending where bending is 
accomplished keeping one end fixed. Three point bending method used a captive actuator controlled by a programmable IDEA 
drive. This allowed incremental steps of 0.047mm for which the force is measured. The data is used to calculate the stress and the 
strain. In the second method a mirror attached to the free end of the bone allowed a reflected laser beam spot to be tracked. This 
provided the displacement measurement as stress levels changed. Analysis of stress vs. strain graph together with solution of 
Euler-Bernoulli equation for a cantilever beam allowed determination of the elastic modulus of the leg bone for (i) control 
samples, (ii) HLS samples and (iii) HLS samples with radiation effects. To ascertain changes in the bone lattice structure, the 
bones were cross-sectioned and imaged with a 20 keV beam of electrons in a Scanning Electron Microscope (SEM).  A 
backscattered detector and a secondary electron detector in the SEM provided the images from well-defined parts of the leg 
bones.  Elemental compositions in combination with mechanical properties (elastic modulus and lattice structure) changes 
indicated weakening of the bones under space-like conditions of microgravity and radiation.   
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1. Introduction 
During the course of space flight and for the time of their stay in the space station, astronauts are under the effects 
of microgravity. NASA has been conducting research into the effects of microgravity on humans for several 
decades(Lekan, 1989). The lower limbs of astronauts under these conditions, experience a decrease in load bearing 
as they float around the space station instead of walk around(Guo and Xia 2011); thus there is significantly less 
stress on the limbs. The decrease in load bearing on the extremities especially the legs have been shown to 
eventually lead to bone breakdown(Clement 2005). Studies on astronauts at the International Space Station 
(ISS)have been shown to have a 1-1.5% loss in bone density per month under microgravity conditions(Hashem and 
Bonjar 2012). 
In addition, changes in the physiological function have been well documented for both short and long term 
spaceflights(Hawkey 2003; Williams et al. 2009).The adaptations to the 1-g environment as well as the geomagnetic 
shielding from solar and cosmic radiation make humans on Earth more susceptible to these factors when space flight 
is considered. Whether it is on the space station or planned missions to Mars, humans will experience the biological 
effects of space flight (Cherry et al. 2012; Wu et al. 2009) 
Thus far, the model for microgravity research has been through the use of animals via hindlimb unloading. This 
has led to a variety of research into the physiological effects of microgravity(Ray et al. 2001, Chowdhury et al 2011, 
Chowdhury et al 2013).  The bone tissue especially the osteocytes are particularly sensitive to the changes in 
mechanical stress. It is suggested that under microgravity conditions, the cytoskeletal elements may be altered to a 
more microtubular orientation (Burger and Klein-Nulend 1998). This observed change may be responsible for 
variation in the mechanical properties of the bone. The present research continues the previous work (Mehta et al. 
2009; Patel et al. 2012) on the effect of microgravity on elemental comparison and elastic modulus of rat bones. This 
work focuses on the two different techniques that are used in conjunction with SEM imaging (Mehta et al, 2007) to 
obtain dimensional variations to determine the combined effects of radiation exposure and microgravity on the 
structural properties of the rat bone. 
1.1. Structural properties:  
Measuring the bone’s displacement due to a stress about a point yields the modulus of elasticity. The elastic 
modulus of the bone describes how easily the bone will elastically deform when a force is applied to it. Structural 
properties of the bone are determined from the stress and strain of the bone due to varying forces.  Two different 
techniques were developed in our lab. The bones were tested using a (i) modified three point bending apparatus and 
(ii) a cantilever bending apparatus. The techniques varied in the way stress was placed on the bone. Both of these 
techniques were modeled using the Euler-Bernoulli beam theory. 
(i) Three point bending 
A force is applied at the center of the bone while the ends are fixed. As the force is applied, there is a 
bending moment. The equation relating the beam modulus of elasticity E, the bending moment M, and the 
deflection v, along the length of the bone assuming constant cross section is given. 
ܯ ൌ ܧܫ ݀
ଶݒ
݀ݔଶ ሺͳሻ 
 Here, ܫ is the moment of inertia. We assumed the bone to be an elliptical empty tube as seen in Figure 1. The 
second moment about an area is given by  
ܫ௬௬ ൌ 
ߨ
Ͷ ሾܽ
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(a)                                                                                                             (b) 
Figure 1 (a) The three point bend design (b) dimensions of an elliptical tube used to model cross section of the bone 
Applying boundary conditions to the three point bending configuration of this elliptical tube, gives the 
following equations 
ݒ௠௔௫ ൌ
ܲܮଷ
Ͷͺܧܫ ሺ͵ሻ 
 
where P is the applied load. 
(ii) Cantilever Bending, the force is applied parallel to one edge of the bone while the opposite end is held 
fixed. 
 
 
 
 
 
 
 
 
The cross sectional area of the bone is assumed to be an ellipse given by  
ܣݎ݁ܽ ൌ ߨܽᇱܾᇱ െ ߨܾܽሺͶሻ 
The stress is then determined using ߪ ൌ ௉஺௥௘௔, where P = applied load that causes the displacement and the 
strain is given by ߳ ൌ  ο୐௅ . The elastic modulus for the bone can be determined (Patel et al. 2012) as the ratio 
of the longitudinal stress over the longitudinal strain. 
2. Method 
Adult Male rats (eight weeks of age, 250-300g body weight) divided into three experimental groups and prepared 
for testing in identical conditions with variables meant to simulate two weeks of space conditions. The first group 
was hind-limb suspended by means of a harness to eliminate most of the resistance the hindlimbs would receive 
under earth’s gravitational environment. The second group was introduced to hind-limb suspension with addition of 
radiation by x-ray dosed at two grays every other day for a total of ten grays at the completion of testing. The third 
group served as a control group representing effects of normal earth conditions. The animals used in this study were 
housed at the University of Arkansas for Medical Sciences (UAMS). After the treatment period, the rats were 
euthanized; the hard tissue samples were collected and stored in Phosphate Buffered Saline solution (PBS) in a 
refrigerator held between 3-9 oC. In preparation for experiments, the soft tissue was surgically removed from around 
the bones. Two methods were used to analyze changes in bone elastic modulus.  
Three-point bending of the bone was the first method used to determine elastic moduli. Prior to performing the 
three-point bending procedure, a holder was made to fix femurs in place at each end while a measured amount of 
force was exerted upward perpendicular to the middle of each bone. This was performed by a motorized force 
transducer, connected to a data acquisition card, placed into position with the tip of the needle directly under the 
middle of the femur. The force transducer was controlled using Hayden Kerk IDEA Drive Interface Program to 
y 
x 
Displacement, ΔL 
L 
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increase the height of the needle pushing against the bone by increments of 0.047625 mm. The force on the 
transducer was read by a DATAQ data acquisition card, using DATAQ software the force applied at each distance 
was recorded in real time.  Due to a limit of weight of 100 grams on the transducer, the measurements were ceased 
when the force applied onto the bone approached 0.980 N. This procedure was repeated four times with the control 
bone, as well as four times with the HindLimb suspended and Radiated (HLR) bone and with the HindLimb 
Suspended (HLS) bone. The data collected was then analyzed to determine if the simulated space-flight had an 
effect on the femurs elasticity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As shown in Figure 3, both ends of the bone are kept fixed while the needle approaches applying a load to the 
bone in set increments.  
 
 
 
 
 
 
 
The second method made similar measurements by means of a cantilever beam bending setup. The femur bones 
were fastened by a vice at one end, and a mirror was glued orthogonal to its length at a specific distance pointing 
away from the circular cross-section. A beam of laser light was directed into the mirror, and the reflected ray was 
Figure 2 (a) Sketch of the device showing the captive actuator, force transducer and the contact 
for bending. (b) A flow chart of the communication process to collecting and storing data. 
Figure 3- Both ends of bones fixed while the load is applied at the 
midpoint for three point bending technique 
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tracked at a measured distance onto a wall while discrete increments of mass were hung from a string and pulley 
system at the mirrored end of the bone. Because the vices grip vertically, the force is applied horizontally by the 
pulley system. The movement of the reflected beam of light was analyzed by a function which utilizing the similar 
triangles created by the components of the system, and data was used in the calculation of elastic modulus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The dimensions of the bones used in the analysis were obtained from measurements using the ASPEX Scanning 
Electron Microscope (SEM).Each femur bone was sliced, and sections from the hip, knee and middle were selected. 
The samples were adhered to aluminium specimen mounts. These were sputter coated with thin layer of gold which 
provided the conduction necessary for electrons to provide proper images. The cross sectioned bones on the stub  
were loaded in the SEM chamber. A 20 keV electron beam from the SEM were incident on the cross section of the 
bones. The images were taken with Back-Scattered Electron Detector (BSED) for SEM operating at magnification 
that ranged from 500x-2500xand imaged using the PERCEPTION imaging software. SEM imagesprovided cross 
sectional measurements as well as measurements of the width for both sides of the hollow elliptical comprising the 
bone. The measuring tool of SEM provided the inner (a,b) and outer (a`, b`) radii of the femurs used in the study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bones are composite materials consisting of fibrous proteins, collagen and stiffened by an extremely dense filling of 
calcium phosphate crystals. They are normally hollow structure with a hematopoietic or fatty matrix inside. This 
Figure 5 above shows the normalized elastic modulus to the control bones obtained from the two three point bending 
and cantilever bending tests. Figure 5a is the data obtained from the three-point bending method while Figure 5b 
shows the data obtained from the cantilever bending method. The HL-suspended bones show a slight decrease in the 
elastic modulus although this was not a significant decrease in modulus. The HLS-radiated bones had a 30-40% 
decrease in elasticity. The graphs support the fact that whether the bone is loaded perpendicular to its shaft with one 
(a) (b) 
Figure 4-(a) Bones prepared with mirrors attached for cantilever bending experiments (b) the alignment of the 
bone with mirror attachment to measure the force. 
(a)  (b) 
Figure 5 (a) Three point bending (b) Cantilever beam bending 
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end fixed or both ends fixed, the same general trend is observed. This observed reduction in elasticity of the HLS-
radiated bones suggests a reduction in collagen. Collagen is responsible for the elasticity of bones (Viguet-Carrin et 
al, 2006). Studies have shown that there is a reduction in collagen in bones subject to irradiation(Cox and Kian Ang 
2010). 
Figure 6 shows the comparative images of the three groups of bones [the Control, the HL-suspended (HLS) 
and the HLS-Radiated (HLR)].  The SEM images shown were taken from the hip, mid and knee joints of the bones. 
The bone structures were mostly hollow. Close comparisons of the structure from the different samples show that 
the HLS-irradiated bone sample had almost no remnants of bone matrix. During radiation exposure  ‘de-bonding’ of 
the hydroxyapatite (HAP) and platelet interface has been observed(Singhala et al. 2011). The SEM images in the 
figure above were typical of the bone structure for the bones used in this study. The images were used to accurately 
determine the inner and outer diameters of the bone. These values were ultimately used to determine the area over 
which the force is applied during the cantilever bending test as well as the bending moment of the bones during 
three point testing. 
3. Conclusion 
Our study shows that elasticity of the bones decreased when subjected to microgravity and to external radiation. The 
two different methodologies of measuring the elastic modulus show similar percentage decrease within the relative 
uncertainties in the measurement techniques. The effect of Hindlimb suspension was to reduce the modulus of 
elasticity by less than 10% while radiation treated bones showed a larger (~40%) decrease.  
 
 
Figure 6: Scanning electron microscopy on the near hip, middle and near knee cross sections of the femurs 
obtained from control, HL-Suspended, HLS-Radiated rats 
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